to decrease with feed moisture content and corn to legume ratio. Screw speed did not affect extrudates properties. Expansion ratio showed a similar behavior with porosity. The addition of legumes (protein source) led to more dense products. Comparatively, the usage of white bean in mixtures for the production of snacks, led to a product with higher porosity than those with other legumes.
INTRODUCTION
In recent years several studies have suggested that a Mediterranean diet has many benefits in human health. It is associated with lower incidence of cardiovascular disease and cancer via a variety of mechanisms, including improved blood lipid profile, decreased lipid oxidation, antithrombotic, and anti-inflammatory effects, improvement in endothelial function, and decreased insulin resistance and ventricular irritability. [1] [2] [3] The Mediterranean diet includes: high monounsaturated: saturated fat ratio, moderate consumption of ethanol, milk and dairy products, low consumption of meat and meat products and high consumption of cereals, fruits, vegetables, and legumes. Legumes are generally good sources of slow release carbohydrates and rich in proteins and dietary fibers. Legumes are
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Mathematical Model
In order to examine the influences of process conditions and material characteristics on the porosity, a simple power model is used. The proposed equation is:
where ε is the porosity of extrudates; T is the extrusion temperature (°C); τ is the mean residence time (s); N is the screw rotation speed (rpm); X is the feed moisture content (kg/ 100kg wb); and C is the materials ratio (kg corn/kg legume). The T r , τ r , X r , C r and N r are the respective values in reference conditions. The e 0 is a constant with values ranging from 0 to 1, which represents porosity in reference conditions. The porosity influencing of process conditions, such as, product temperature, residence time and screw speed is expressed by n T , n τ , n N exponents, respectively, while the influence of material characteristics such as feed moisture content and corn to legume ratio is expressed by n x and n c exponents, respectively.
The influence of feed rate in the extrudates porosity is incorporated into mean residence time, considering that mean residence time is:
where e f is the empty fraction of the extruder; r t is the true density of material (kg/m 3 ); V is the free volume in the extruder barrel; and F is the feed rate (kg/h). The empty fraction of the extruder is the part of its volume which is the void left between barrel and screws during operation.
Extrudates were assumed to have very low levels of moisture content, so their structural properties-namely true density, apparent density, and porosity-are similar to the structural properties of dried materials at zero moisture content. Therefore, the true density of extrudates, r t , is equal to the density of solid material and it is assumed constant.
It is expected that not all of these parameters will influence to the same degree the porosity of extrudates, and this can be revealed through regression analysis.
Regression Analysis
The values of the required parameters are determined by fitting the proposed model to the experimental data. This can be done by minimizing the following residual sum of squares:
where, e ij is the experimental value of porosity of the jth replicate of the ith experiment; e i is the predicted value of the model for the ith experiment; n i is the number of replicates in the ith experiment; and M is the total number of experiments. The resulting model is considered acceptable if the standard deviation between experimental and predicted values (lack of fit, S R ) is close to the experimental error (S E ).
The standard deviation between experimental and predicted values (S R ) and the standard experimental error (S E ) can be calculated from the following equations:
where (K-p) and (K-M) are the degrees of freedom for S R and S E , respectively; K is the total number of experimental measurements (including the replicates); M is the number of experiments; p is the number of parameters; and n i is the number of replicates of the ith experiment.
Following regression analysis procedure, all 6 parameters can be determined simultaneously. However, all of these parameters do not affect the sum of squares of the residuals to the same degree. In order to distinguish between the ones that are necessary to accurately predict the porosity, the following procedure was adopted. Firstly the minimum change in sum of squares (SST) was estimated for all six parameters and mean deviation (S R ) was evaluated. Secondly, omitting one parameter at a time, the values of S R was evaluated for all combinations of the five remaining parameters. In this way, the parameter chosen to be eliminated was the one whose elimination produced the minimum S R . Continuing the former procedure, the minimum values of S R was evaluated for 4, 3, 2, and 1 parameters, respectively. In Figure 1 , it is shown a typical figure of S R and S E as a function of the number of parameters. The group of parameters which gives a lack of fit (S R ) close to mean experimental error (S E ) is the one that involves the required number of parameters for predicting porosity. 
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MATERIALS AND METHODS
Sample Preparation
Yellow corn flour was mixed with legume flour (chickpea, mexican bean, white bean, and lentil) and 0.5% salt. Material characteristics are shown in Table 1 . Distilled water was added to adjust moisture content. All the ingredients of each preparation were mixed in a mixer for 15 min, to ensure homogenous mixture. After mixing, the samples were packed under vacuum and stored. The proximate composition of materials used is shown in Table 2 . 
Extrusion Cooking
A prism Eurolab conical, counter-rotating twin screw extruder, model KX-16HC, was used. The general screw geometry was: length 40 cm, diameter 16 mm, maximum rotation speed 500 rpm, and die diameter 3 mm. The material was fed into extruder with a volumetric feeder. The extruder had 5 temperature control zones. The pressure at the die during extrusion was measured with a pressure transducer. All extrusion conditions were displayed on the control panel (barrel and screw die temperature, screw speed). The temperature during extrusion was adjusted by varying the temperature in the barrel, screw and die. The extrusion conditions are shown in Table 1 . Steady state conditions were reached after 20 min, and then samples collected dried in air and stored for further structural properties measurement.
Residence time is calculated using Eq. (2). The empty fraction has been correlated with extrusion conditions and it is given by the following equation, which is used for this extruder type:
where N is the screw speed (rpm), F is the feed rate (kg/s); T is the die temperature; and X is the feed moisture content (kg/100 kg wb).
Measurement of Porosity and Expansion Ratio
The porosity of the extrudates was determined from the true and apparent density, using the equation:
where r a is the apparent density and r t is the true density of extrudates.
The apparent density was determined by measuring the actual dimensions of the extrudates. [28] The diameter of extrudates was measured with a Vernier caliper. The apparent density of extrudates was determined using the equation:
where m is the mass of the samples (g); d is the diameter (cm); and L is the length of extrudate (cm). Three replicates of extrudate were selected and an average was taken. The true density of the samples was determined using the equation:
where m is the mass of the samples (g) and V t is the true volume (cm 3 ). The true volume was measured using a Quantacrome stereopycnometer (model SPV-3) with the accuracy
r p
of 0.001 cm 3 , assuming no closed pores remain in the sample for helium. The measurement flowchart is shown in Figure 2 . Expansion ratio is defined as: [6, 10, 26, [29] [30] [31] where d is the diameter of the extrudate (cm) and d 0 is the die diameter (cm). From Eqs. (9) and (12) is derived that expansion ratio can be correlated with extrudate porosity by the following equation:
where e is the porosity of the extrudate. The expansion ratio of extrudates was calculated using (Eq. 13).
RESULTS AND DISCUSSION
The application of regression analysis for each type of sample showed that the optimum number of parameters which affect porosity is 5 (Figure 1 ). These parameters were e 0 , n T , n τ , n X , n C . The screw rotation speed did not affect significantly the porosity of extrudates. In Table 3 , experimental and predicted values of porosity are listed. A comparison between predicted porosity and experimental data is shown in Figures 3 to 5. The corresponding parameter estimates for all materials are shown in Table 4 . In Figures 3-5 , porosity of extrudates is represented as a function of mean residence time, feed moisture content, extrusion temperature and corn to legume ratio. Solid lines are used for predicted values of porosity using the mathematical model and the parameters of Table 4 .
As can be seen, in all extrudates, porosity was increased with temperature. Such a trend had been observed for various extruded products in the past. [6, 11, 12, 15, 16, [29] [30] [31] [32] An increase in the barrel temperature will decrease the melt viscosity. The reduced viscosity effect would favour the bubble growth during extrusion. Moreover, the degree of superheating of water in the extruder would be increased at higher temperatures, also leading to greater expansion.
Increased residence time led to a slight increase of extrudate porosity at all type of corn-legume blends. That is, increased feed rate led to a decrease in porosity (Eq. 2). Increased feed rate would influence the degree of fill, inducing the degradation of amylopectin networks, and change the melt rheological characteristics thus leading to greater elastic effect and changes in product porosity. Exactly, a rise in feed rate leads to an increase of final viscosity and consequently porosity decreases. [6, 26, 31, 33, 34] Feed moisture content seems to have an influence to porosity; as it raised porosity decreased. Moisture content during extrusion provides the driving force for the expansion and also contributes to the rheological properties of the melt, which in turn affect expansion. Moisture is the main plasticizer of flours, which enables them to undergo a glass transition during the extrusion process and thus facilitates the deformation of the matrix and its expansion. [35] Similar results have been observed in the past. [13, 26, 30, 31, 36, 37] It was observed that increasing the amount of legume, porosity decreased. This trend could be attributed to legume proteins. Proteins have an effect on expansion through their ability to affect water distribution in the matrix and through their macromolecular structure and conformation, which affects the extensional properties of extruded melts. They also contribute to extensive networking through covalent and nonbonding interactions that take place in extrusion. [38, 39] Similar results have been observed previously. [40] [41] [42] [43] From Figure 5 , it is clear that the extrudates containing chickpea had the lowest values of porosity and the extrudates containing white bean had the highest value of porosity. This might be due to shortening effect in chickpea blends which exhibit higher lipid content ( Table 2) . A stronger influence on corn/chickpea blend porosity by temperature was observed. Generally differences in values observed among different legume blends could be attributed to differences in legume proteins and especially in protein quality.
The expansion ratio of extrudates is presented in Figure 6 . It is obvious that expansion ratio depends on residence time, extrusion temperature, feed moisture content and corn to legume ratio. More specifically, expansion ratio increased with residence time and temperature and decreased with feed moisture content and corn to legume ratio. It should be pointed out that porosity and expansion ratio were depended in a similar way by the same parameters. This trend is well described by Eq. (13) . Furthermore, these two properties represent the swelling of the product, so a similar dependence from process variables and material characteristics is expected. The values of true density for each type of extrudate are shown in Table 5 . It is evident that the Corn/Lentil extrudate had the minimum value of true density, while Corn/ Chickpea extrudate had the maximum value.
CONCLUSIONS
Structural properties of expanded corn-legume snacks produced on a twin screw extruder were depended on several process conditions. Extrusion temperature and residence time as well as material characteristics (feed moisture content, corn to legume ratio) had some significant effect on extrudate porosity. Porosity of extrudates was found to increase with temperature and residence time and to decrease with feed moisture content and ratio of legume. A similar trend was observed for expansion ratio. The addition of legumes (protein source) produces more dense products. Comparatively, the usage of white bean in mixtures for the production of snacks, leads to product with greater porosity than those with other legumes. 
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